We demonstrate azobenzene photochemically driven diffraction switching of a photonic crystal consisting of a crystalline colloidal array (CCA) polymerized within a hydrogel matrix. A novel azobenzene derivative that has a large ground-state activation barrier between the cis and trans forms in water is used. The system is actuated by excitation with UV light (wavelength of 365 nm), which photoisomerizes the azobenzene trans state to the cis ground state. The increased dipole moment of the cis state increases the free energy of mixing, causing a hydrogel swelling, which red-shifts the embedded CCA diffraction. Excitation with visible light photoisomerizes the cis state to the trans state, which resets the diffraction. This material acts as a memory storage material. Information is recorded and erased by exciting the photonic crystal in the UV or visible spectral region. The written information is read out completely and nondestructively by the wavelength of the Bragg diffraction (in this case, in the red).
Many groups are developing fabrication methods to produce photonic crystals with band gaps in the visible, infrared (IR), and microwave spectral regions. [1] [2] [3] [4] [5] [6] Photonic crystals are materials with periodic variations in their optical dielectric constants. The resulting periodic variations in the refractive index lead to the diffraction of light and to the occurrence of photonic band gaps. Light with frequencies within the band gaps cannot propagate within the photonic crystal materials. If the refractive index is purely real, then all of the light is diffracted. Photonic crystal materials provide the opportunity to control the flow of light. Photonic crystals may be the key elements of all-optical integrated circuits. 7 The earliest chemical approach to fabricating photonic crystals was through the self-assembly of highly charged monodisperse colloidal particles into crystalline colloidal arrays (CCAs). 8 These CCAs are complex liquids that self-assemble because of long-range electrostatic repulsions between particles into fluid, plastic, face-centered cubic (fcc) crystalline arrays. The CCAs diffract light (Bragg diffraction) in the ultraviolet (UV), visible, or near-IR range, depending on the colloidal particle array spacings. 8, 9 Robust semisolid polymerized crystalline colloidal array (PCCA) materials were fabricated by imbedding the CCA into a hydrogel network (see Figure 1) . 9 PCCAs can be fabricated from stimuli-responsive polymer networks, 10,11 where appropriate physical or chemical stimuli alter the PCCA volume, which alters the resulting CCA plane spacings and diffraction wavelengths. 12-14 Previously, we described photochemically controlled PCCA photonic crystals, which operated in organic solvents such as dimethylsulfoxide (DMSO), which utilized azobenzene and spirobenzopyran photochemistry. 15 In our azobenzene-functionalized PCCA, the photochemistry involved photoisomerization between the trans and cis isomers in an organic medium. In the spiropyran-modified PCCA, the photochromic behavior is due to an interconversion between the colorless closed spiro form and the colored open merocyanine form. In both systems, the formation of the more-polar form (cis-azobenzene or merocyanine) results in PCCA swelling and a red-shift in diffraction.
In this work, we demonstrate a photochemically actuated photonic crystal, where photoisomerization of a covalently attached, novel water-soluble azobenzene derivative actuates a change in the hydrogel's free energy of mixing with water. This azobenzene derivative is unusual, because it is the first, to our knowledge, to have a large activation energy barrier in the ground state between the trans and cis isomers. Although azobenzene cis derivatives are known to be stabilized for extended times in organic solvents, this is the first derivative to have a cis form that is stable in water for long periods. In this work, we have developed a CCA prepared from fluorinated colloidal particles that do not absorb near-UV light, which allows us, for the first time, to monitor the trans-azobenzene ∼350-nm absorption band. We find that the UV spectral changes of the trans form are completely consistent with our photoresponse mechanism.
We fabricated our photochemically controlled photonic crystal by attaching an epoxide functionality to the PCCA by copolymerizing glycidyl methacrylate, [16] [17] [18] [19] [20] polymer colloidal particles. These highly charged, sulfonated, monodisperse fluorinated colloidal particles were prepared by emulsion polymerization. 21 After the PCCA was fabricated, pendant epoxy groups were reacted with the primary amine of the novel water-soluble azobenzene derivative shown in Figure  2 . We determined the concentration of the azobenzene derivative that was covalently attached to the PCCA to be ∼5 mM. As shown in Figure 2 , this ∼80-µm-thick PCCA diffracts slightly more than 50% of the light in a band centered at ∼670 nm. The light is incident normal to the fcc (111) planes and is only partially diffracted, because of the small difference in refractive index between the particles (n p ≈ 1.38) and the mainly aqueous hydrogel medium (n w ≈ 1.33). 21 PCCA made from higher-refractive-index polymer colloidal spheres, such as polystyrene (n ≈ 1.60), diffract essentially all of the incident light. [12] [13] [14] As shown in Figure 2 , excitation by UV light bleaches the 365-nm absorption band of the trans isomer and red-shifts the 670-nm diffraction peak by ∼15 nm. This red-shift results from the larger dipole moment 22 of the cis-azobenzene derivative, resulting in a more-favorable mixing with the water medium. This, in turn, increases the hydrogel volume, which results in a red-shift in diffraction. 15 The change in dipole moment between the trans and cis isomers of the azobenzene is ∼3 D. 22 The photochemical conversion from the trans form to the cis form is very efficient. Using azobenzene in isooctane as a reference, we have determined that the trans-to-cis quantum yield is Φ ≈ 0.2 for our water-soluble azobenzene derivative in isooctane (355 nm excitation).
As shown in the inset in Figure 2 , the diffraction can be redshifted by UV excitation (mercury lamp, ∼13 mW/cm 2 ) and blue-shifted by visible excitation (tungsten lamp, ∼3 mW/cm 2 ) within the ∼440-nm cis π f π* transition. The diffraction can be toggled back and forth indefinitely. Furthermore, the diffraction shift can be red-shifted continuously by moderateintensity illumination over extended time intervals or quickly switched completely by a single 3-ns 355-nm YAG laser pulse (1.2 mJ/cm 2 ). The time required for the red-shifted diffraction, in response to a 3-ns pulse, was shown to be ∼10 s and was limited by the macroscopic collective water and polymer diffusion time. 15 Extended time photoisomerization of the azobenzene derivative attached to the PCCA is shown in Figure 3 . In its dark, relaxed state, the azobenzene is in its trans form and absorbs strongly at 350 nm. The 365-nm excitation occurs within the strong ∼350-nm trans-azobenzene π f π* transition, which photoisomerizes the trans-azobenzene to the cis form. Thus, the 350-nm trans-azobenzene π f π* absorption bleaches the absorption band and the ∼440-nm cis-azobenzene n f π* transition appears. [23] [24] [25] [26] [27] This process can be reversed either by excitation within this ∼440-nm absorption band or by the dark cis f trans conversion, which restores the 350-nm trans absorption band and the original diffraction in ∼10 days (see Figure 3 ). This slow thermal relaxation is very similar to the thermal isomerization of the azobenzene derivative dissolved in water.
The response time for the red-shift in diffraction is controlled either by the intensity of the incident light or by the dynamics of the restoring equilibrium balance between the free energy of mixing of the polymer hydrogel with water and the elastic restoring force of the hydrogel cross-links. 12-15 For moderateintensity illumination, the response time is limited by the 350-nm photon flux, as shown in Figure 3 . The higher dipole moment of the cis-azobenzene form results in an increased hydrogel polymer system in water, which decreases the free energy of mixing of the hydrogel, swelling the polymer network and causing the PCCA red-shift in diffraction. As expected, the magnitude of the red-shift in diffraction peak linearly increases as the cis-azobenzene concentration increases, as photochemistry proceeds to completion. This mechanism is clearly demonstrated by the obvious parallel kinetics of the trans absorption decrease at 350 nm and the red-shift in diffraction.
This PCCA functions as a novel recordable and erasable memory device. Light absorption actuates the red-shift in diffraction, which is read out in the red at wavelengths that are not absorbed and cannot induce photochemistry. This information is erased by exciting the photonic crystal with visible light. The pixel area can be smaller than ∼10 µm 2 , an area which can easily result in a narrow diffraction band. If the diffraction shift were increased, this material could act as a display device. The response of the material is rather slow, because it is limited by the collective diffusion time of the hydrogel polymer and the required flow of water into and out of the hydrogel. However, the reading of this device is limited only by the speed with which the material can be scanned by a laser beam. This is the first example of the direct photochemical control of the wavelength of photonic crystal diffraction in water. Bottom portion of figure shows the photoresponse of the azobenzene functionalized PCCA upon UV and visible light illumination. The PCCA is ∼80 µm thick and contained 5% cross links. It was fabricated from 140-nm-diameter fluorinated colloids. The spectra show fully reversible changes in the azobenzene absorption (300-550 nm). The ∼675-nm diffraction peak shifts ∼15 nm when subjected to alternating excitation with UV and visible light. 
